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We have used analytical ultracentrifugation to explore the oligomeric states of AcrB and CusA in micellar solution of detergent. These two
proteins belong to the resistance, nodulation and cell division (RND) family of efflux proteins that are involved in multiple drug and heavy metal
resistance. Only the structure of AcrB has been determined so far. Although functional RND proteins should assemble as trimers as AcrB does,
both AcrB and CusA form a mixture of quaternary structures (from monomer to heavy oligomer) in detergent solution. The distribution of the
oligomeric states was studied as a function of different parameters: nature and concentration of the detergent, ionic strength, pH, protein
concentration. This pseudo-heterogeneity does not hamper the crystallization of AcrB as a homotrimer.
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As a Gram-negative bacterium, Escherichia coli contains
seven multicomponent transporters of the resistance, nodula-
tion and cell division (RND) family responsible for intrinsic
drug tolerance [1,2]. Six efflux pumps confer resistance to a
broad variety of compounds including antibiotics [3] and
belong to the hydrophobic and amphiphilic efflux RND (HAE-
RND) protein family. Together with a periplasmic membrane
fusion protein (MFP) and an outer membrane factor (OMF), theAbbreviations: AUC, analytical ultracentrifugation; DDM, n-dodecyl-β-D-
maltopyranoside; FC14, n-tetradecylphosphocholine; FTIR, Fourier transform
infrared spectroscopy; RND, resistance nodulation and cell division
⁎ Corresponding authors. D. Stroebel is to be contacted at tel.: +33 1 44 32 38
88; fax: +33 1 44 32 38 94. J. Covès, tel.: +33 4 38 78 24 03; fax: +33 4 38 78
54 94.
E-mail addresses: david.stroebel@ens.fr (D. Stroebel),
jacques.coves@ibs.fr (J. Covès).
1 Present address: Laboratoire Adaptation et Pathogénie des Microorganismes
Institut Jean Roget, Domaine de La Merci, 38700 Grenoble, France.
0005-2736/$ - see front matter © 2007 Elsevier B.V. All rights reserved.
doi:10.1016/j.bbamem.2007.03.008resulting tripartite protein complex spans the complete cell wall
of this bacterium and exports substrates probably from the
periplasmic space to the outside. This process is driven by
proton import, which is catalyzed by the inner membrane RND
protein. An archetype of these efflux pumps is the homotrimeric
RND protein AcrB that is associated with the MFP AcrA and
the OMF TolC [4–6]. E. coli contains only one member of yet
another RND protein family (heavy-metal efflux RND, HME-
RND), CusA, which confers resistance to copper and silver
[2,7]. CusA is encoded by the cusCFBA operon on the bacterial
chromosome. In the respective transenvelope protein complex,
CusB and CusC are the MFP and the OMF proteins,
respectively. CusF is located in the periplasm and may serve
as a kind of copper chaperone to deliver copper to CusA [8].
While HME-RND proteins were the first RND proteins
described, a greater attention has been paid to HAE-RND
proteins because of their high medical importance. For instance,
the pathogenic bacterium Pseudomonas aeruginosa contains 13
RND transport systems and 12 of them are probably HAE-RND
proteins [1]. This corresponds with an important role of RND
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hospital environments and the related development of nosoco-
mial diseases [9].
Although the atomic organization of HAE-RND proteins is
now known with the X-ray structures of AcrB [10,11], such data
are not yet available for HME-RND proteins. AcrB and CusA
should have a similar topology and quaternary structure.
However, our efforts to get structural data with CusA remained
unproductive so far. We have thus used a series of techniques to
compare back-to-back the behavior of these two proteins during
purification by a protocol that yields AcrB crystals. Surpris-
ingly, not only CusA (which did not crystallize so far) but also
AcrB (which readily forms crystals) exist after purification as a
mixture of oligomeric forms in detergent solution as shown by
our analytical ultracentrifugation (AUC) data. This pseudo-
heterogeneity does not hamper crystallization of AcrB as a
homotrimer. We propose a mechanism that links the behavior of
these oligomeric states and crystallization.
2. Materials and methods
2.1. Proteins, general techniques and crystallization
The AcrB overexpression vector is a kind gift of KM Pos. AcrB was purified
as described in [12] except that n-dodecyl-β-D-maltopyranoside (DDM,
Anatrace, CMC=0.17 mM or 0.0087%) was used instead of cyclohexyl-n-
hexyl-β-D-maltoside. The construction of the CusA expression vector and the
purification of CusA were as described in [13] for CzcA except that extra-
phospholipids were not added during the solubilization or the purification steps.
Alternatively, 0.4% n-dodecylphosphocholine (FC14, Anatrace, CMC=0.12 mM
or 0.0046%) was used in place of DDM. Imidazole (AcrB) or desthiobiotine
(CusA) were removed by cycles of concentration and dilution on Amicon cells
equipped with YM-50 membranes. The final buffer contained either 0.02% DDM
or 0.01% FC14.
Protein concentration was determined using bovine serum albumin as a
standard and the Micro BCA protein assay (Pierce). Purity was estimated by
0.1% SDS–12% polyacrylamide gel electrophoresis. Oligomeric state was
estimated by elution of a Superdex-200 filtration column calibrated with
proteins of known hydrodynamic radius in detergent solution [14] or by
sedimentation on sucrose density gradients formed by freeze–thawing treatment
of 0.5 M sucrose in the suitable buffer [15]. One ml of protein solution was
carefully loaded at the top of 10 ml sucrose gradients. The tubes were spun in a
SW41 rotor (Beckman) during 16 h at 40,000 rpm. One ml fractions were
collected from the top of the tubes before being analyzed by SDS-PAGE for
protein content.
The amount of lipids in the protein preparations was checked by FTIR as
described in [16] using an Avatar 330 (Thermo).
AcrB crystals were grown by sitting-drop vapor diffusion at 20 °C. A protein
solution (15–20 mg/ml) was mixed at 1:1 ratio with the reservoir solution
containing 16% PEG 2000, 10 mM sodium phosphate buffer pH 6.2 and 40 mM
sodium citrate pH 5.6.
2.2. Analytical ultracentrifugation experiments
Sedimentation velocity experiments were performed in a Beckman XL-I
analytical ultracentrifuge using a 4-hole or an 8-hole rotor (Beckman
instruments), at 4 °C or 6 °C. Samples were handled immediately after
purification and concentration on ultrafiltration membranes. In this case, a
simple dilution in a chosen buffer allowed to study several parameters such as
the protein and the detergent concentration. The pH value varied from 5.6 to 8
and the ionic strength from 0 to 500 mM NaCl.
Sedimentation velocity experiments were carried out at 42,000 rpm using
100 μl or 400 μl proteins samples, loaded in the two-channel 0.3 or 1.2 cm
path length centerpieces, respectively. The buffer in the reference channel wasidentical with that of the sample but the detergent was omitted. Interference
and absorbance (280 nm, with radial step size of 0.003 cm) scans were
recorded overnight. Sedimentation velocity profiles were analyzed using the
size distribution analysis from the program Sedfit (version 9.4b developed by
P. Schuck and available at www.analyticalultracentrifugation.com). It provides
a continuous distribution of apparent sedimentation coefficients, c(s). The c
(s) analysis allows then to deconvolute the contribution of different species in
a mixture [17,18]. About twenty regularly spaced experimental profiles were
globally modeled. The c(s) analysis was performed considering 200 particles
on a grid of 300 radial points calculated with a frictional ratio f/f0 of 1.25 and
for sedimentation coefficient in the range of 1 to 50 S.
The density (ρ) and viscosity (η) of each solution were estimated with the
program Sedentrp (available at http://www.jphilo.mailway.com/download.
htm). The molar mass, molar extinction coefficient and partial specific
volume of CusA and AcrB were deduced from their total amino-acid
composition by the same program: CusA: 115,597 g/mol, 160,000 M−1 cm−1
and V¯ 0.7456 ml/g (pI 5.92); AcrB: 114,654 g/mol, 90,100 M−1 cm−1 and
V¯ 0.7394 ml/g (pI 6.22). The partial specific volumes of detergents V¯D
used were: 0.824 ml/g for DDM and 0.94 ml/g for FC14 (considered here
identical to FC12) [14]. The partial specific volume for the protein–detergent
complex V¯PDC was first considered to be 0.79 ml/g in DDM and 0.87 ml/g in
FC14.
2.3. Analytical ultracentrifugation theory
The Svedberg equation relates the experimental s coefficient value to the
buoyant molar mass of the protein detergent complex, MbPDC, and its Stoke
radius Rs (NA is Avogadro's number):
MbPDC ¼ s NA6pgRs ð1Þ
The value of the buoyant molar mass depends on the solvent density (δ) but
can also be expressed as a function of the molecular mass of the protein (MP), the
quantity in g/g of bound detergent (γD), lipids (γL) and solvent (γW) per protein,
and of V¯P, V¯D, V¯L and V¯w:
MbPDC ¼ MP½ð1 dV¯ PÞ þ gDð1 dV¯ DÞ þ gLð1 dV¯ LÞ
þ gwð1 dV¯ wÞ ð2Þ
Contribution of solvent has been neglected here.
Particles that contributes only to interference signal could be quantified by
measuring the number of recorded fringes, that is linked to concentration by the
following equation:
J ¼ dn=dcd cd =d k=K ð3Þ
where, c the concentration of particle, l the path length, the wavelength
λ=675 nm, the constant K=1.013, dn/dc the interference contribution of the
particle : 0.186 ml/g for a protein (J/c of 2.76) and 0.133 ml/g for both detergent
DDM and FC14.
The amount of surfactant associated with the protein γT=(γD+γL) was
estimated by quantitative comparison of c(s) analysis between absorbance and
interference data. If we neglect the contribution of lipids (no or few associated
lipids):
gD ¼ ððJ d eM280 nm=DO280 nmÞ  J=cproteinÞ=J=cdetergent: ð4Þ
3. Results
3.1. Purification, homogeneity, stability and crystallization
CusA was purified by affinity chromatography on a
streptactin-column after solubilization with DDM (Fig. 1A).
Detergent FC14 could also be used for solubilization and
purification. Both detergents kept CusA in solution. The
molecular mass of CusA was determined as about 110,000 Da
Fig. 1. SDS-PAGE analysis of different CusA preparations. Panel A, purification of CusA: 1, molecular mass markers; 2, membrane preparation; 3, flow through of the
strep-tag affinity column; 4, desthiobiotin elution of CusA from the strep-tag affinity column. Panel B, DDM–CusA on sucrose density gradient containing 0.05% of
DDM. Panel C, FC14–CusA on sucrose density gradient containing 0.025% of FC14. Only fractions 4 to 12 were used for the SDS-PAGE analysis.
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114,707 Da deduced from the predicted amino acid sequence.
Homogeneity of the protein preparations was investigated by
sucrose density gradient centrifugations followed by SDS-
PAGE analysis of the fractions (Fig. 1B). After 16 h of
centrifugation at 40,000 rpm, CusA solubilized with DDM
(DDM–CusA in the following) was present in fractions 5 to 12.
This strongly suggests that CusA existed in solution as a mixture
of different oligomeric states and not as a mere trimer as
expected for a RND protein according to the AcrB structure. The
CusA preparation obtained in the presence of FC14 (FC14–
CusA in the following) was much more homogeneous as CusA
was obtained in fractions 5 and 6 essentially (Fig. 1C). Detection
of CusA in these two fractions from the top of the gradient
indicated the presence of simpler and smaller quaternary CusA
structures in FC14 preparations compared to DDM preparations.
As estimated from the position of FC14–CusA in the sucrose
gradient after centrifugation, FC14–CusA could be a simple
monomer while the DDM preparations contained CusA multi-
mers. Interestingly, regardless of the storage condition, DDM–
CusA was stable for weeks whereas FC14 preparations were
quickly denatured, probably by proteolysis (not shown).
Purified DDM–AcrB preparations were also stable for weeks
(not shown). AcrB crystallized under conditions similar to those
already described [5,19]. The resulting crystals diffracted on the
ESRF beamline ID29 and gave identical space group and cell
parameters as previously obtained [20]. Sometimes, two types of
crystals were present in the same drop (see picture in Fig. 5). This
was also in agreement with even three types of crystals grown in
the same drop (K.M. Pos, personal communication). Thus, CusA
and AcrB could be purified easily after solubilization with DDM
and both proteins were stable for weeks. However, AcrB
crystallized easily but CusA did not.
3.2. Behaviors of AcrB and CusA in detergent solution
Data from dynamic light scattering, electron microscopy and
size exclusion chromatography confirmed the heterogeneity of
the solubilized CusA preparations. Thus, CusA and AcrB
micellar solutions were compared by AUC. Detergent-solubi-
lized membrane proteins in micellar solution may form
complicated complexes composed of protein, detergent andlipids. Nevertheless, molecular masses could be calculated from
the sedimentation coefficients if a globular structure of the
particle was assumed and the amount of surfactant of the
protein–detergent complex was also taken into consideration.
To obtain this information the concentration of detergent free
micelles was deduced from interference data (Fig. 2) and
subtraction of the protein concentration to this interference data
gave the amount of detergent linked to each complex (Eqs. (3)
and (4)) [21].
AUC analysis of FC14–CusA revealed the presence of one
species (s20,w of 5.5 S) associated with 1.8±0.6 g of detergent
per g of protein (Fig. 2A). Solution of Eqs. (1) and (2) yielded a
molecular mass that was only compatible with the monomeric
form of CusA. This result agreed with that from sucrose density
gradient centrifugation.
DDMpreparations of CusA andAcrB gave both three distinct
major species with s20,w values of 8 S, 11 S and 16 S respectively,
along with heavier species (Fig. 2B and C). These s20,w values of
these heavier species could not be determined precisely. All s20,w
values were obtained in twenty AUC experiments and gave
reproducible results, strongly indicating that the presence of
these discrete species were no artefacts. The mean value for the
amount of complex-associated detergentwas similar for the three
major species, 1.5±0.6 g per g of protein for DDM–CusA and
1.2±0.4 g per g of protein for DDM–AcrB.
The presence and the amount of lipids in the protein
preparations were determined by FTIR analysis (Fig. 3). The
surface ratios between the peak of carboxylic amide at
1755 cm−1 (corresponding to protein) and that of carboxylic
ester at 1740 cm−1 (lipids) [16] gave an estimate of 5 to 10
lipids per protein for DDM–CusA. In case of AcrB, no peak
could be detected at 1740 cm−1 (Fig. 3), suggesting a maximum
of 2 lipids per protein.
Using the values for the amount of complex-associated
detergent and that of lipids in the protein preparations,
theoretical s20,w values for monomeric, dimeric and trimeric
DDM–CusA in spherical protein–detergent–lipid particles
were calculated as 9.2±1 S, 14.6±1.5 S and 19.7±2 S,
respectively. The same calculation for AcrB gave rather similar
results of 9±1 S, 14.3±1.5 S and 18.8±2 S respectively.
When the Hydropro software [22] was used to calculate the
Stokes radius of AcrB (pdb entry 1T9T) in the absence of
Fig. 2. Sedimentation velocity of different CusA or AcrB preparations. Data were recorded in absorbance (Panel A, 1) and in interference (Panel A, 2). The
corresponding residuals represent the superimposition of the differences between the experimental and fitted curves. Panel B, c(s) analysis for 1, 5.6 μM CusA in
6.7 mM FC14 at 4 °C; 2, 5.6 μMCusA in 2.1 mMDDM at 6 °C and 3, 4.9 μMAcrB in 0.7 mMDDM at 6 °C. Interference data are in dotted line while A280 data are in
solid line. The peaks observed in interference only correspond to the free detergent micelles. M is for monomer, D for dimer and T for trimer.
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the trimer. On the other hand, Stokes radii of 4.03 nm for the
monomer and 5.82 nm for the trimer were used to compute the
theoretical s20,w values. Therefore, the theoretical s20,w values
should be higher than those experimentally determined and, with
some confidence, the 8 S species could be assigned to the
monomeric form of CusA or AcrB, respectively. Furthermore,
the 11 S species in both protein preparations should represent
dimers and the 16 S species trimers. The additional highFig. 3. FTIR spectra of dried DDM CusA and AcrB preparations. Spectra were
recorded as described in [16]. Solid line is for AcrB and dotted line for CusA.
The arrow indicates the resonance peak of the ester carbonyl characteristic of the
presence of lipids, visible in DDM–CusA.molecular mass signals with s20,w values between 19 S and 47 S,
which could not be separated into single signals and described
precisely, may represent a mixture of various oligomers larger
than trimers.
The overall sedimentation profiles of DDM–AcrB and
DDM–CusA were reproducible and, compared to each other,
very similar. In all protein preparations, monomers, dimers,
trimers and heavier oligomers were observed (Fig. 4). However,
the relative proportion of each population varied with the
experimental conditions, e.g. the protein, salt or detergent
concentration (Fig. 4). The heavy oligomers were the most
abundant AcrB population except at high salt concentrations
while the monomeric form of CusAwas dominant except under
high protein concentrations. At high salt concentrations, both
AcrB and CusAwere predominantly present in their monomeric
forms (Fig. 4A, condition 3; Fig. 4B, condition 1). The species
distribution for DDM–AcrB was poorly affected by the
detergent concentration (Fig. 4A, conditions 4 and 5). No
difference in c(s) distribution profiles was observed within pH
ranges from 6 to 8 (not shown) or after incubation for 72 h at
4 °C for both AcrB and CusA.
An increase in the protein concentration raised the portion of
the heavy 19–47 S oligomers in case of AcrB and of CusA (Fig.
4A and B, conditions 2) but for AcrB more than for CusA. It
should be noted that the parameters of condition 4 for DDM–
AcrB were closest to those leading to crystallization of this
protein.
4. Discussion
The only structure of an RND transporter solved so far is
that of AcrB. This protein can be purified in large amounts. It
Fig. 4. Distribution of the oligomeric states for AcrB (Panel A) and CusA (Panel B) deduced from AUC experiments. Populations have been sorted as follows: 8 S, 11 S
and 16 S correspond to discrete species and are respectively for the monomers, the dimers and the trimers. Heavier species are defined as a population comprised
between two given S values. Percentages are calculated by ratio of the observed peak area on the total area of the curve (Fig. 2). Protein concentration was estimated
from A280. The free DDM concentration was calculated by contribution of interference on micelles peak (Eq. (3)). For buffers,
p indicates the use of phosphate buffer
pH 7 and h that of HEPES buffer pH 8. Error bars represent the uncertainty in the choice of the integration limits for each species in the c(s) analysis.
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obtained from crystals grown in a trigonal R32 space group
with trimers of AcrB being centered on the crystallographic
three-fold axis [5,19,20]. Consequently, the three monomers
had a strictly similar conformation and the question of how
AcrB can actively export a wide variety of toxic compounds
remained unanswered. Two recent papers describe AcrB
structures solved from crystals belonging to the monoclinic
C2 or the triclinic P1 space group, respectively [10,11]. In
these crystals each monomer can take three independent
conformations. Analyses of these new structures led to the
proposal of a three-step rotation mechanism of drug efflux in a
kind of peristaltic mode [10,11]. Anyway, the new structures
are basically consistent with the previous ones and confirm
that the functional unit of AcrB is the trimer. As suggested
from sequence similarities and function analogy, it appears
necessary for RND proteins to assemble into trimer as the
active form for substrate transport.
To study the oligomeric state of detergent-solubilized RND
proteins in solution, the HAE-RND model protein AcrB was
compared to CusA, an RND protein of the HME-RND family.
Both RND proteins were present as highly polydisperseFig. 5. Schematic representation of the oligomeric equilibrium leading to crystalliz
conditions indicated in Materials and methods. Solid bar in the picture on the rightdistributions in micellar solutions of DDM. Detailed analysis
of data obtained by analytical ultracentrifugation demonstrated
the co-existence of a large range of oligomeric forms from
monomers to dimers, trimers and not very well defined heavy
oligomers larger than trimers. Since CusA and AcrB belong to
different families of the RND superfamily and share only a
limited degree of similarity (22% identity on the amino acid
level), this peculiar behavior could be a general feature of all
members of the RND transporter superfamily.
MexB from P. aeruginosa is another HAE-RND protein and
a close AcrB homologue. Purified MexB was proposed to exist
as a homotrimer in DDM solution with 398±12 DDM
molecules bound to each MexB molecule [23]. Thus, DDM
would contribute a molecular mass of 203.2±6.1 kDa per
MexB monomer (112.8 kDa) to the total molecular mass of the
DDM–protein complex, leading to a molecular mass of about
948 kDa of the trimeric (DDM–MexB)3 complex. Such a
complex would have a Stokes radius of 8.34 nm and a s20,w
value of 20.1 S but instead 6.02 nm and 13.8 S, respectively,
were experimentally determined [23]. This could indicate the
presence of low molecular mass species, e.g. monomers and
dimers, in the MexB preparation as well.ation of RND transporters. AcrB crystals were obtained in the crystallization
corresponds to 150 μm.
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protein species. The sedimentation coefficients of the mono-
meric, dimeric and trimeric forms were identical under various
experimental conditions, although the relative amounts of
these species varied with some conditions, e.g. salt, protein
and DDM concentration. However, under a given condition
the portion of each species was stable with time, up to 72 h,
and did not depend on the protein concentration when only
the monomers, dimers and trimers were considered (Fig. 4).
This strongly suggests that the monomers, dimers and trimers
were in a slow association and dissociation equilibrium [24]
(Fig. 5).
Although the detergent concentration slightly increased the
amount of AcrB and CusA in the heavy oligomeric form with
s20,w values between 19 S and 47 S, this parameter did not effect
the distribution of either protein between the monomeric,
dimeric and trimeric forms (Fig. 4). This was a surprise and
contrary to observation from other membrane proteins [25,26].
Since the equilibrium between these three forms was primarily
sensitive to the protein concentration and ionic strength, the
soluble domains of RND proteins should be primarily
responsible for associations into larger structures. In agreement
with this suggestion, the three AcrB polypeptides in the
homotrimer interact mainly by large contacts between their
periplasmic domains, with only few contacts between the
membrane domains.
The heavy oligomeric forms (19 S to 47 S) of AcrB and
CusA were always present. In case of AcrB, this form was
predominant in conditions that led to crystallization. This
suggests that this oligomeric form did not correspond to
denatured and aggregated protein but could rather be an
intermediate on the way to crystallization (Fig. 5). Since the
portion of this large species increased with rising protein
concentration and the protein concentration itself increases in
the crystallization process when the hanging drop loses water as
vapor, the heavy oligomeric forms could play a crucial role in
nucleation and growth of the crystals (Fig. 5). Indeed, some
membrane protein preparations could become more polydis-
perse when the protein concentration increases [27] and
polydispersity of soluble proteins exists even in supersaturating
conditions [28,29], i.e. above the boundary of the solubility
curve corresponding to the liquid–liquid phase separation in
protein phase diagrams.
Although AcrB and CusA belong to the same protein
superfamily, share a similar function and a rather similar
behavior in detergent solution, we have not been able to obtain
CusA crystals. This can be explained by the low percentage of
identity between the two proteins, leading to differences in the
solvent exposed surfaces. Some other differences between
CusA and AcrB preparations can also be noted. The CusA
protein cannot be concentrated without concentrating the
detergent at the same time. This may be related to the fact
that purified CusA contained some lipids as seen by FTIR
analysis. AcrB did not and can be concentrated easily.
Moreover, at low protein concentrations, the portion of
monomeric DDM–CusA is higher than that of monomeric
DDM–AcrB (Fig. 4), which adds to the reluctance of CusAagainst crystallization. Greater independence of monomeric
DDM–CusA may be an intrinsic property of this protein.
Aggregation of RND proteins into trimers may be initiated by
intertwining loops of the protomers (corresponding to the loop
at amino acid position 212–239 in AcrB). This loop is 6-amino
acids shorter in CusA than in AcrB. This could make more
difficult the association of CusA into dimers, trimers and
heavier oligomers. Accordingly and because FC14 has a
stronger dissociating effect than DDM, FC14–CusA prepara-
tion was predominantly in the monomeric form that was highly
sensitive to proteolytic degradation.
In conclusion, pseudo-heterogeneity of the AcrB prepara-
tions was not a contra-indication for crystallization. On the
contrary, behavior of DDM–AcrB in conditions that led to
crystallization suggests that it is not only necessary to avoid
monomerization (use of dissociating detergent or high salt
concentration) but furthermore to reach a protein concentration
that allows the formation of a mixture of oligomeric forms,
including high molecular mass oligomers that could trigger the
nucleation. In other words, the quest for the monodispersity is
not the good solution to crystallize AcrB or other RND
transporters.
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